Obesity and its associated metabolic disorders are related to the onset of fatty liver and the balance of white adipose tissue (WAT) and brown adipose tissue (BAT). We hypothesized that metformin, an effective pharmacological treatment for type 2 diabetes, would inhibit white adipogenesis, fatty liver, and metabolic dysfunction. Metformin was treated daily for 14 weeks in a high-fat dieting C57BL/6J mice. Serum biomarkers were analyzed and protein level was assessed using confocal staining or flow cytometry. The development of lipid drops in the liver cells and white adipocyte was measured using hematoxylin and eosin or Oil Red O stains. Gene expressions were analyzed with quantitative real-time PCR. Metformin treatment decreased the body weight and improved the metabolic profile of obese mice. In obese mice, metformin also induced the expression of BAT-related markers and increased fibroblast growth factor (FGF) 21 expression in the liver and in white adipocyte. Metformin suppressed white adipocyte differentiation via induction of FGF21. Metformin improves Treg/Th17 balance in CD4+ T cells in mice with high-fat diet-induced obesity. Metformin also improves glucose metabolism and metabolic disorder. Interleukin-17 deficiency also decreases inflammation in mice. Therefore, metformin may be therapeutically useful for the treatment of obesity and metabolic dysfunction.
Introduction
Obesity is a medical condition in which surplus body fat increases to the point where it negatively affects health. Obesity reduces life expectancy and leads to metabolic problems; for example, obesity results in high levels of triglyceride (TG) and low levels of high density lipoprotein-(HDL-) cholesterol in plasma [1] . On the other hand, dense low-density lipoprotein (LDL) particles are enhanced in obese patients [2] . It has been reported that obesity is associated with liver abnormalities such as fatty liver [3] . Obesity is also related to inflammation. Several publications have demonstrated that obesity increases proinflammatory cytokine expression and reduces anti-inflammatory cytokine production [4, 5] . It is well documented that obesity is involved in inflammatory and autoimmune diseases associated to interleukin-(IL-) 17-producing T (Th17) cells, and this increases the probability of several diseases including type 2 diabetes and rheumatoid arthritis [6] [7] [8] .
Metformin is a biguanide antidiabetic drug that has successfully been used to treat patients with type 2 diabetes. Recently, it has been suggested that metformin could be used to treat other diseases. Metformin inhibited the inflammatory response that regulates Th17 cells and regulatory T (Treg) cells in a rheumatoid arthritis mouse model [9] . Metformin has also been demonstrated to have an anti-inflammatory activity in an inflammation-associated tumor mouse model [10] .
Fibroblast growth factor (FGF) 21 is a metabolic hormone that is generated mainly in the liver. It has been shown that FGF21 prompts glucose uptake in adipocytes and improves metabolic markers such as blood glucose, insulin, and triglycerides (TG) [11] . FGF21 positively affects the metabolic profile of mice with diet-induced obesity [12] . Moreover, FGF21 has emerged as a significant metabolic regulator and contributes to the control of lipolysis in white adipose tissue (WAT) [13, 14] . Previous research has suggested that FGF21 is a potential therapeutic effect for the treatment of human diabetes and obesity [15] .
We hypothesized that metformin would improve the metabolic profile of mice with high-fat diet-induced obesity. The present study attempts to determine whether metformin functions as a treatment for obesity by inducing the expression of FGF21. To test this hypothesis, we evaluated the therapeutic role of metformin in obesity and investigated its effect on metabolic profile and Th17-mediated inflammation in a mouse model of obesity.
Materials and Methods

2.1.
Animals. C57BL/6 mice (Male, Orient Bio, Republic of Korea), aged 4 weeks old, were maintained under specific pathogen-free conditions and fed a diet containing 60 kcal fat-derived calories or standard laboratory mouse chow (Ralston Purina, St. Louis, MO, USA) and water ad libitum ( = 10). All experimental procedures were examined and approved by the Animal Research Ethics Committee of the Catholic University of Korea (permit number: CUMC-2015-0009-01), which conforms to all National Institutes of Health of the USA guidelines. All surgeries were performed under isoflurane anesthesia, and all efforts were made to minimize suffering. The experimental protocol was approved, and all animals were treated and sacrificed in accordance with the guidelines of the Catholic University of Korea on Use and Care of Animals.
Metformin Treatment.
Metformin, dissolved in saline, was orally administered daily for 14 weeks. Metformin was administered at a dose of 10 mg/kg or 50 mg/kg. The control mice were administered with saline.
Cell
Culture. HepG2 cells and 3T3L1 cells were purchased from the Korean cell line bank and maintained in minimum essential medium (MEM) or Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) in an incubator with 5% CO 2 at 37 ∘ C. The cells (1 × 10 4 cells/well) were cultured in 24-well plates in serum-free MEM media or differentiation medium plus metformin (5 mM) or anti-FGF21 for 24 h. Murine 3T3-L1 preadipocytes were cultured in preadipocyte medium (24-well plates, 1 × 10 4 cells/well) and allowed to reach 100% confluence. Once the cells are confluent, incubate for an additional 48 hours before initiating differentiation. Two days after the cells have been confluent replace with an appropriate volume 3T3-L1 differentiation medium. Incubate for 3 days, and replace with 3T3-L1 adipocyte maintenance medium.
Confocal Microscopy.
For immunostaining, 7 m tissue sections of spleen were stained using fluorescein isothiocyanate-(FITC-) conjugated anti-CD4, phycoerythrin-(PE-) conjugated anti-IL-17, allophycocyanin-(APC-) conjugated anti-CD25, PE-conjugated anti-Foxp3 (all from eBiosciences, San Diego, CA, USA), anti-FGF21 (Bioss), and anti-CoxIV (cell signaling). The stained sections were analyzed using a Zeiss microscope (LSM 510 Meta; Carl Zeiss, Oberkochen, Germany) at 400x magnification.
Biochemical
Analyses. Blood samples were collected in serum tubes from all treated and control mice at 14 weeks and stored at −70 ∘ C until use. The levels of total serum cholesterol were measured using commercial kits (Wako Co., Osaka, Japan). AST, ALT, glucose, and LDL-cholesterol levels were measured using commercial kits from Asan Pharmaceutical Co. (Hwangseong-gi, Gyeonggi-do, Republic of Korea). The levels of serum were measured using a Hitachi 7600 analyzer (Roche).
Glucose Tolerance and Insulin Tolerance Tests.
For the insulin tolerance test, nonfasted mice were injected intraperitoneally injection of insulin (1 U/kg body weight). For glucose tolerance test, mice were fasted overnight and then loaded intraperitoneally with injection of glucose (1 g/kg body weight).
Intracellular Staining and Flow Cytometry.
We investigated changes in the population of Foxp3-positive Treg cells and Th17 cells after metformin treatment. To analyze intracellular cytokines, cells were stimulated with 25 ng/mL PMA and 250 ng/mL ionomycin (all from Sigma-Aldrich, St. Louis, MO, USA) and Golgi Stop (BD Biosciences, San Diego, CA, USA) in a 24-well plate and incubated for 4 h. Splenocytes were stained with Percp-conjugated anti-CD4 antibody, followed by fixation and permeabilization using the Cytofix/Cytoperm Plus Kit (BD Biosciences) according to the manufacturer's instructions and then stained with FITC-conjugated anti-IL-17 (all from eBiosciences). For analysis of Treg cells, splenocytes were surface labeled with CD4 and CD25, followed by fixation, permeabilization, and intracellular staining with Foxp3 as per the manufacturer's protocol. All samples were examined using a FACSCalibur (BD Pharmingen), and the data was analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Analysis of Gene Expression by Quantitative Real-Time Reverse Transcriptase PCR (qRT-PCR)
. mRNA was extracted using TRIzol (Molecular Research Center). cDNA was synthesized using the Superscript Reverse Transcription system (Takara, Shiga, Japan). qRT-PCR was performed with LightCycler FastStart DNA master SYBR green I (Takara), following the manufacturer's instructions. All mRNA expression levels were normalized to those of b-actin. 
Statistical Analysis.
The results are expressed as means ± SD (or means ± SEM). Statistical analysis was conducted using the Mann-Whitney test using GraphPad Prism 5 software.
< 0.05 (2-tailed) was considered statistically significant.
Results
Effect of Metformin Treatment on Body Weight and Adipose Tissue Weight in Mice with High-Fat Diet-Induced Obesity.
To evaluate the antiobesity effect of metformin, mice were fed a high-fat diet (60 kcal) and were administered metformin (10 mg/kg/day and 50 mg/kg/day) or control (saline) orally. The metformin-treated group showed significantly reduced weight gain (Figure 1(a) ). To investigate the effect of metformin, the metabolic profiles of mice were measured. The metformin-treated obese mice showed significantly lower total cholesterol, LDL-cholesterol, triglyceride, aspartate transaminase (AST), and alanine transaminase (ALT) levels in plasma than the untreated obese group (Figure 1(b) ). The metformin-treated obese mice showed a decrease in blood glucose intolerance and insulin resistance levels ( Figure 1(c) ). These results suggest that metformin improves the health of high-fat diet-induced obese mice.
Effect of Metformin Treatment on Fatty Liver and White Fat/Brown Fat Balance in Mice with High-Fat Diet-Induced
Obesity. To investigate the effect of metformin on high-fat diet-induced fatty liver in mice, we performed hematoxylin and eosin (H&E) and Oil Red O staining of the livers. Consequently, metformin-treated mice showed significantly decreased lipid content (Figure 2(a) ). Moreover, the weight of the liver also decreased with metformin treatment (Figure 2(b) ). Next, we examined the mRNA expression levels of the white adipose tissue and brown adipose tissue (BAT) in the livers. The expression levels of WAT-associated genes significantly reduced in the metformin-treated group; however, the expression levels of BAT-associated genes, such as UCP1, Elovl3, and Cidea, increased (Figures 2(c) and 2(d) ).
Metformin Treatment Prevents the Development of Lipid Droplets in the Liver Tissue and Cells of Mice with High-Fat
Diet-Induced Obesity via FGF21 Induction. Previous studies have shown that the formation of lipid droplets is commonly associated with obesity. Therefore, we used transmission electron microscopy to show that the number of lipid droplets significantly increased in the untreated obese mice compared to the metformin-treated group (Figure 3(a) ). To investigate the mechanism by which metformin regulates obesity, we analyzed the expression of CoxIV and FGF21 using confocal staining. Notably, FGF21 expression was upregulated in the livers of the metformin-treated group (Figure 3(b) ). To confirm FGF21 function, we stained HepG2 cells with Oil Red O after HepG2 cells were treated with metformin, both in the presence and absence of anti-FGF21. It was found that lipid drop formation increased in the metformin plus anti-FGF21 group but not in the metformin group (Figure 3(c) ). These data suggest that metformin suppressed obesity through the activation of FGF21.
Effect of Metformin Treatment on Peritoneal Visceral Fat Regulation in Mice with
High-Fat Diet-Induced Obesity. We next measured the weight of epididymal fat and interscapular WAT and used H&E staining to further investigate the effect of metformin. It was found that the amount and size of fat was lower in the metformin-treated group than that in the untreated high-fat diet-fed mice (Figures 4(a) and 4(b) ). We also examined the mRNA expression levels of WAT and BAT in the visceral fat. The expression levels of genes associated with WAT significantly reduced in the visceral fat of metformin-treated group; however, that of BAT-associated genes, such as UCP1, Elovl3, and Cidea, increased ( Figures  4(c) and 4(d) ).
Metformin Treatment Controls Reciprocal Positive Regulation between White Fat and Brown Fat via FGF21 Induction in 3T3L1 Cells.
To further confirm whether metformin affects FGF21 expression, we examined the size of lipid drops in metformin or metformin plus anti-FGF21-treated 3T3L1 adipocytes using Oil Red O staining. Lipid drop formation was unaffected by the use of anti-FGF21 (Figure 5(a) ). We also observed the mRNA expression levels of WAT-and BAT-associated genes in the 3T3L1 adipocytes. The expression levels of the WAT-associated genes, such as C/EBPa, ap2, Adipsin, Agtl, Resistin, Glut4, and Leptin, significantly decreased in the metformin-treated group compared to the metformin plus anti-FGF21-treated group. In addition, the expression levels of BAT-associated genes, such as UCP1 and PRDM16, increased after metformin treatment ( Figures 5(b) and 5(c)). a) and 6(c) ). To confirm our results, the effect of metformin on Th17/Treg cell regulation in mice splenocytes was assessed using flow cytometry. The number of Th17 cells was lower in the metformin-treated obese mice than that in the untreated obese mice. The mRNA expression of the Th17-associated gene, IL-17, and the Treg-associated gene, Foxp3, was measured. IL-17 gene expression decreased and Foxp3 gene expression increased after metformin treatment ( Figure 6(b) ). Therefore, our results suggest that metformin has a beneficial effect on obesity.
Effect of Metformin Treatment on Th17/Treg Balance in
Discussion
Metformin has been shown to be an effective antidiabetic drug and also shown to be useful against obesity. However, the mechanism of metformin and its effect on FGF21 in obesity is yet to be reported. The most interesting finding of this research is that the antiobesity activity of metformin is related to its upregulation of FGF21 production. It is well documented that the levels of cholesterol, blood glucose, TG, and LDL are higher in obese patients than in healthy controls [16] . A significant downregulation of the levels of obesity-related factors including cholesterol, TG, and LDL was shown in the serum of metformin-treated obese mice. Since FGF21 has been shown to be a key regulator of obesity [11, 17] , the enhancement of FGF21 expression has therapeutic potential. Therefore, our observations suggest that metformin has an antiobesity effect because it induces FGF21 production.
Metabolic markers including cholesterol, LDL, TG, and blood glucose are important factors in obesity. It is well known that high levels of TG and low levels of HDL are observed in visceral obesity [2] . Previous reports have suggested that the inhibition of cholesterol, LDL, TG, and blood glucose indicates an improvement in metabolic disorders related to obesity [18, 19] . Our findings revealed that cholesterol, LDL, TG, and blood glucose levels decreased after metformin treatment in a mouse model of obesity. Thus, metformin has the potential to ameliorate the metabolic dysfunction that is induced by obesity. In obese individuals, fatty liver, white fat/brown fat balance, and fat mass are important factors. The metabolic variations linked to obesity cause fatty liver and increase fat mass in the body [3, 20] . In addition, the promotion of BAT and the inhibition of WAT are essential for the treatment of obesity [21] . In this study, metformin downregulated fatty liver and visceral fat. Moreover, metformin reduced the expression levels of WAT-associated genes such as PPAR-r, aP2, and Agt. Furthermore, the expression levels of BATassociated genes including UCPI increased after metformin treatment. These results demonstrated that metformin has the potential to treat obesity.
Lipid droplets are cellular organelles that store neutral lipids within cells and play a key role in metabolic disease. It has been demonstrated that lipid droplets induce the pathogenesis involved in lipid aggregation such as obesity [22] . Since obesity is related to numerous inflammatory states, many inflammatory mediators are involved in obesity. For example, the number of Th17 cells increased in obesity adipose tissues and obesity exaggerates inflammation via Th17 differentiation [23] . It has been demonstrated that the level of several inflammatory cytokines increases owing to obesity [24] [25] [26] . Several investigations have shown that the TG levels in lipid droplets increase owing to obesity and lipid droplets induce an inflammatory response [27] [28] [29] . This study revealed that metformin treatment suppresses the number of lipid droplets in liver tissues and in HepG2 cells. These results indicate the anti-inflammatory effect of metformin.
The role of metformin in inflammatory response has already been investigated in various studies. It has been suggested that metformin ameliorates obesity and improves metabolic dysfunction by reducing body weight and fat mass [30] [31] [32] . It is also reported that metformin treatment induces FGF21 production [33, 34] . However, this study revealed that metformin attenuates inflammation through the induction of FGF21.
Conclusions
We have demonstrated that metformin suppresses highfat diet-induced obesity and the associated inflammatory response by inducing FGF21 production in obese mice and HepG2 cells. This suggests that metformin could be a useful treatment of obesity.
